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ABSTRACT
Understanding motor vehicle emissions, near-roadway
pollutant dispersion, and their potential impact to near-
roadway populations is an area of growing environmental
interest. As part of ongoing U.S. Environmental Protec-
tion Agency research in this area, a field study was con-
ducted near Interstate 440 (I-440) in Raleigh, NC, in July
and August of 2006. This paper presents a subset of mea-
surements from the study focusing on nitric oxide (NO)
concentrations near the roadway. Measurements of NO in
this study were facilitated by the use of a novel path-
integrated optical remote sensing technique called deep
ultraviolet differential optical absorption spectroscopy
(DUV-DOAS). This paper reviews the development and
application of this measurement system. Time-resolved
near-road NO concentrations are analyzed in conjunction
with wind and traffic data to provide a picture of emis-
sions and near-road dispersion for the study. Results show
peak NO concentrations in the 150 ppb range during
weekday morning rush hours with winds from the road
accompanied by significantly lower afternoon and week-
end concentrations. Traffic volume and wind direction

are shown to be primary determinants of NO concentra-
tions with turbulent diffusion and meandering account-
ing for significant near-road concentrations in off-wind
conditions. The enhanced source capture performance of
the open-path configuration allowed for robust compari-
sons of measured concentrations with a composite vari-
able of traffic intensity coupled with wind transport (R2 �
0.84) as well as investigations on the influence of wind
direction on NO dilution near the roadway. The benefits
of path-integrated measurements for assessing line source
impacts and evaluating models is presented. The advan-
tages of NO as a tracer compound, compared with nitro-
gen dioxide, for investigations of mobile source emissions
and initial dispersion under crosswind conditions are also
discussed.

INTRODUCTION
Mobile sources are ubiquitous and major contributors to
U.S. air pollution emission inventories for criteria and air
toxic pollutants.1 A growing number of health studies
have linked an increased occurrence of adverse health
effects with proximity to heavily traveled roadways.2–10

These health studies have focused on populations living,
working, or going to school in the first several hundred
meters of the road, where emissions from motor vehicles
may not yet be fully diluted with background air. A large
population is potentially at increased risk; over 35 million
Americans have been estimated to live within 100 m of
major transportation sources.4,8,11 To address this emerg-
ing issue, the U.S. Environmental Protection Agency
(EPA) has initiated a series of research studies to investi-
gate traffic emission impacts on near-roadway environ-
ments, health implications, and potential mitigation
strategies.12

In support of the EPA near-road research effort, this
paper presents information on pollutant concentration

IMPLICATIONS
NO is shown to be a useful tracer for characterization of
mobile source emissions and dispersion in close proximity
to major roadways. The DUV-DOAS system has proved to
be a useful instrument for time-resolved measurement of
NO in these applications. Near-road measurements using
coordinated deployments of open-path systems, coupled
with wind and traffic characterization, are shown to be
useful tools for near-road impact studies.
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and the initial stages of dispersion through characteriza-
tion of nitric oxide (NO) levels in close proximity to a
major highway as a function of wind and traffic condi-
tions. These data represent a subset of measurements con-
ducted near Interstate 440 (I-440) in Raleigh, NC, during
a 2-wk measurement campaign in July and August 2006.12

Data were acquired using a novel path-integrated optical
measurement technique called deep ultraviolet differen-
tial optical absorption spectroscopy (DUV-DOAS) in con-
junction with nitrogen oxide (NOx) point monitors and
advanced wind measurement and traffic characterization
instruments.

NO as a Mobile Source Tracer
The concentration levels and dispersion of NO near road-
ways are important research topics because NO is the
dominant component of primary NOx emissions from
most on-road vehicles13 and its role in nitrogen dioxide
(NO2) formation and ozone chemistry is well known.14

More importantly, NO can be useful as a surrogate to aid
in understanding near-road emissions and dispersion be-
cause source discrimination capability is enhanced by
NO’s high near-road concentration compared with its low
regional background levels. This is a distinct measure-
ment advantage over other mobile source tracers such as
NOx, carbon monoxide (CO), and carbon dioxide (CO2),
which possess higher background concentrations. This
practical measurement advantage is of clear importance
for gaseous plume evolution studies and may help in
understanding other mobile source pollutants. For exam-
ple, Janhäll et al.15 found that NO was a better tracer for
mobile source-produced ultrafine particles than traffic
intensity.

In particular, this study shows NO to be a more rep-
resentative tracer of mobile source emissions compared
with NO2 under crosswind conditions. This is especially
true for the morning rush hour period in which near-road
pollutant concentrations are generally more pronounced
because of lower boundary layers, comparatively calm
wind conditions, and because atmospheric transforma-
tion potential of NO is generally less pronounced early
in the day. Although this work focuses on NO charac-
terization using coordinated path-integrated optical
measurements, the relative utility of NO as a tracer is
demonstrated though a comparison of point monitor
measurements of NOx, NO, and NO2 concentrations at
different distances from the road. This point carries
special importance because NO2 has been traditionally
used as a tracer for near-road impact studies and may be
of limited usefulness when examining short-term ef-
fects in close proximity to the roadway.

NO Measurement Using ORS
As part of the overall effort to increase understanding of
the spatial and temporal distribution of air pollutants in
near-road environments, EPA is extending its use of opti-
cal remote sensing techniques developed for area source
measurement16–18 to assess mobile source emissions and
pollutant dispersion. Ground-based ORS instruments uti-
lize infrared (IR), visible, or ultraviolet (UV) light beams
projected over extended distances to spectroscopically
sample the intersected air column, producing an average

concentration measurement of the gaseous pollutants of
interest. ORS techniques possess several advantages over
traditional point sampling techniques with regard to the
assessment of inhomogeneous extended area sources.
Open-path instruments produce a path-averaged concen-
tration (PAC) measurement, providing a more represen-
tative sample of average emissions from spatiotemporally
variable sources. ORS techniques directly sample the in-
tersected air mass, providing a near real-time in situ mea-
surement. The projected optical beams utilized in ORS
can be directed along multiple paths, allowing for vertical
and horizontal concentration gradient assessment from a
single directionally scanned instrument or multiple in-
struments in coordinated deployment. Taken together,
these factors provide for enhanced capability for assess-
ments of line source impacts and evaluations of roadway
emission and dispersion models. These advantages are
discussed in this work, which examines coordinated ac-
quisition of path-integrated NO concentration data along
two sampling paths deployed parallel to the roadway.

A disadvantage of ORS systems lies in the fact that
minimum quantification limits are modest in comparison
with time-integrated sampling techniques. With few ex-
ceptions, near-road pollutant concentrations are gener-
ally below the quantification limit for open-path tunable
diode laser and open-path Fourier transform IR (OP-FTIR)
instrumentation currently utilized by EPA for area source
measurements.17,19 To help address this issue, EPA is in-
vestigating use of deep UV differential optical absorption
spectroscopy (DUV-DOAS) with improved detection lim-
its for mobile source pollutants. One objective of this
work is to describe the development and use of DUV-
DOAS for time-resolved NO characterization in near-road
environments.

METHODOLOGY
Description of DUV-DOAS Instrument

Open-path UV spectroscopy has previously been used for
mobile source emission research in two ways: (1) single
vehicle remote tailpipe emission measurements, and (2)
long-path air quality monitoring near roadways. Single
vehicle remote sensing techniques utilize a crossroad op-
tical path that intersects the emission plume of the pass-
ing vehicle and have been used to assess fleetwide emis-
sion factors and the impact of high-emitting vehicles.20–24

Commercial crossroad remote sensing systems are porta-
ble, robust, and produce highly time-resolved data (�1
sec), but are generally limited in compound speciation
and detection limit capabilities. Additionally, crossroad
measurements represent a moment in time in close prox-
imity to the tailpipe, limiting their usefulness for disper-
sion and exposure studies. Long-path UV-DOAS systems
for air quality monitoring utilizing optical path lengths in
the 200-m to 2-km range are well developed and have
been applied in several mobile source-related studies.25–29

Long-path UV-DOAS systems usually possess lower time
resolution (1–5 min) but enhanced detection and discrim-
ination capability compared with crossroad systems.
Long-path systems are generally less portable and require
significant site infrastructure for successful operation. The
system discussed here shares aspects of both measure-
ment approaches, being designed for parallel roadway
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deployments with approximate 150-m path lengths and
time resolutions on the order of a few seconds. The DUV-
DOAS system described is portable and robust, with mea-
surement performance somewhere in between the cross-
road and long-path approaches.

Hardware Description
The DUV-DOAS system used for this work is a modified
version of the UV Sentry system manufactured by Cerex
Environmental Services. The DUV-DOAS instrument con-
sists of a separate UV light source and receiver, each fitted
with 6-in. collimating and receiving reflective mirror op-
tics. The source utilizes a 30-W deuterium lamp with
effective output starting at approximately 190 nm. The
receiver houses a temperature-stabilized, fiber-coupled
broad-band 2048 element diode array spectrometer with a
data point spacing of approximately 0.076 nm. The spec-
trometer is powered and controlled via a USB connection
to the control computer. The control computer is a stan-
dard PC with Windows XP operating system and Cerex
control software. The prototype DUV-DOAS is configured
for deep UV operation through proprietary selection
of optical coatings and lamp by Cerex Environmental
Services.

To illustrate the deep UV performance of the proto-
type, it is informative to compare the operational spectral
range of several DOAS configurations. Figure 1a shows
normalized spectral intensities for a continuous output
xenon lamp standard in long-path DOAS applications
(trace 1), a UV-optimized continuous output xenon using
a UV pass filter (trace 2), a standard UV Sentry deuterium
system (trace 3), and a DUV system (trace 4). Additional
signal in the 200- to 220-nm range is evident for the
DUV-DOAS prototype. Figure 1b (trace 1) shows an opti-
cal absorption spectrum for NO acquired with the DUV-
DOAS system. From a spectral range standpoint, the DUV
prototype is capable of resolving the 204.5-nm NO ab-
sorption peak and above. Measurements for this work
utilize the 214.8-nm spectral feature.

NO Analysis Software
To derive the concentration of NO from the DUV spectral
data, a Matlab-based fitting routine was developed by

EPA. The path-integrated concentration (PIC) of NO is
calculated by a least-squares fit of a 3.5 parts per million
meter (ppm�m) NO reference spectrum to the field absor-
bance spectrum created using a low NO background. The
technique uses second derivative Savitzky–Golay filter
processing of the absorbance spectra to isolate the sharp
NO spectral features from broad-band absorptions and
time-varying baselines.30,31 Figure 1b illustrates this point
by comparing a 1-m path length, 14 ppm by volume NO
absorption spectrum (trace 1) with the same spectrum
processed with a second derivative, third order polyno-
mial fit, 25 frame Savitzky–Golay filter (trace 2). The
Savitzky–Golay traces have been multiplied by a factor of
30 for ease of viewing. The NO absorption feature in trace
1 is superimposed on a variable baseline that is signifi-
cantly above zero in the analysis region and below zero at
240 nm and above. Spectral features that exhibit slow
wavelength-dependent variations are effectively de-
coupled from the sharp NO absorption features by the
second derivative analysis technique as evidenced in the
flat baseline of trace 2. This is important for near-road
measurements because baseline variations caused by
broadband hydrocarbon absorptions are frequently ob-
served. It is also noted that the Savitzky–Golay filtering
techniques reduce high-frequency noise and can be opti-
mized through choice of filter characteristics to enhance
various spectral features of interest as part of this modified
DOAS analysis approach.

Calibration for NO
The current work utilized two time-synchronized DUV-
DOAS systems in coordinated deployment to assess small
differences in NO concentrations, requiring particular at-
tention to be paid to inter-unit comparability. NO mea-
surement performance was evaluated using a large aper-
ture open-path calibration cell designed for insertion into
the beam path without significant loss in optical power.
The cell consists of a 1-m long, 20-cm diameter stainless
steel cylinder fitted with 20-cm diameter, 0.32-cm thick
S1 grade quartz windows secured by steel rings and poly-
tetrafluoroethylene gaskets. The cell is designed for flow-
through operation of a calibration gas mixture. For cali-
bration and comparison trials, a 29.8-ppm NO (�2.5%)

Figure 1. (a) Normalized spectral intensities of typical UV DOAS configurations. (b) Comparison of NO absorbance spectra with (1) no
Savitzky–Golay processing and (2) with Savitzky–Golay processing.
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in-balance nitrogen gas supply was diluted to test levels
with ultrahigh purity nitrogen using a calibrated gas di-
lution system (Series 2000 Environics).

Figure 2 shows a NO measurement response compar-
ison between two similarly configured DUV-DOAS sys-
tems (unit 1 and 2) used in the near-roadway field study
subsequently described. The systems were set up using
10-m separations between the source and receiver with
optical paths crossed at the midpoint, allowing the cen-
trally located open-path cell to be accessed by each beam
path in sequential fashion. The open-path cell was filled
to a concentration set point and each unit quantified the
NO concentration before moving to the next point. The
integration time for each calibration data point was 5 sec,
and the system was allowed to stabilize before acquiring
data at each concentration level. It is evident from Figure
2 that the two systems are in close agreement over an
operational range encountered in this field study.

In typical field operation, the tripod-mounted DUV-
DOAS system exhibits acceptable performance for optical
path lengths up to approximately 200 m. At greater dis-
tances, low signal strength and source-to-receiver optical
alignment drift become problematic. For near-road stud-
ies, the 214.8-nm spectral feature for NO analysis is be-
lieved to be free of interfering atmospheric species. To
ensure low interference impact potential, a relatively con-
servative analysis fit value limit of 0.7 R2 was imposed,
leading to an effective minimum quantification limit of
7 ppb.30

Equipment Configuration for Near-Roadway
Measurements

As shown in Figure 3, two DUV-DOAS systems were con-
figured adjacent to I-440 in Raleigh, NC, with 149-m
optical beam paths parallel to the highway at distances of
7 m (unit 1) and 17 m (unit 2) from the edge of the nearest
travel lane. The optical beam paths were 2 m above road
level. The DUV-DOAS systems operated over an approxi-
mate 14-hr time period each day starting before the morn-
ing rush hour and ending after the peak of the evening

rush hour (typically 5:00 a.m. to 7:00 p.m.). Measure-
ments were performed on 9 weekdays and 4 weekend days
during the study. The DUV-DOAS systems utilized a 5-sec
signal integration time with system timing actively syn-
chronized with wind measurements using clock control
software (Beagle Software, Inc.).

Near-road wind data were acquired with two Model
81000 sonic anemometers (R.M. Young Co.) operating at
a 4-Hz data acquisition rate. One anemometer (Sonic-5)
was located in close proximity to the optical path of unit
1, as indicated in Figure 3, at a height of 2 m above ground
level and 5 m from the travel lane. A second unit (Sonic-
20) was located near the optical path of unit 2, approxi-
mately 20 m from the roadway at 8 m above ground level.
For combined NOx, NO, and NO2 measurements, two
chemiluminescent analyzers were deployed in sampling
trailers located 20 m from the roadway (API 200A, Tele-
dyne Instruments) in close proximity to the optical
path of unit 2 and 300 m from the roadway (Thermo
Electron Model 42S). Data from the NOx analyzers are
presented here primarily in support of the open-path
measurements.

Vehicle class-resolved traffic measurements were
made with a traffic camera and subsequent analysis using
the automated Tigereye traffic count software (DTS Inc.).
Traffic counts were performed in 20-sec time blocks with
car and heavy trucks separately logged. Additionally, CO
PAC data from an open-path FTIR (IMACC Inc.), deployed
parallel and adjacent to the unit 2 DUV-DOAS 16 m from
the roadway, provide supporting data for this report.12

I-440 is an eight-lane highway, approximately 32 m
wide, which carries a daily weekday traffic volume of
approximately 125,000 vehicles (average 4% heavy-duty
trucks) during the study. Highway traffic experienced
varying operating conditions, from congestion to free
flowing at approximately 50–60 mph. A lightly traveled
secondary road (�200 vehicles per day) was parallel to
and between the unit 1 and 2 optical paths. The second-
ary road had a large proportion of heavy diesel traffic
(�25%), partially in acceleration mode because of a speed
bump near the field site (�30 mph average speed). The
orientation of the highway source was from 116 to 296°
from the north, as indicated in Figure 3. A wind direction
of 206° corresponds to conditions when winds blow di-
rectly from the highway towards the optical paths.
Weather conditions for the study were typical for summer

Figure 2. Comparison of NO PIC measurement response of two
DUV-DOAS systems used for Raleigh near-road field study (n �
444).

Figure 3. Schematic map of field experiment with configuration of
DUV-DOAS systems and location of sonic anemometer.
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in Raleigh, NC, with strong sunshine, high relative hu-
midity, and afternoon temperatures reaching into the low
to mid 90s. Discussions on general field study character-
istics, including the site descriptions, study meteorology
summaries, and instrumentation/monitoring strategies
are described in a companion methods paper.12

RESULTS AND DISCUSSION
Time-Resolved NO Measurements

Figure 4 shows typical 5-sec time-resolved DUV-DOAS NO
PAC data for the study in ppb by volume. Figure 4a shows
a complete daily dataset, whereas Figure 4b shows an
expanded temporal view of the same data. This figure
illustrates three typical aspects of the study data: (1) NO
concentrations reached a peak during the morning rush
hour period, with concentrations in the 150-ppb range
under heavy traffic load with winds from the roadway; (2)
NO concentrations on the 7-m path (unit 1) were higher
than on the 17-m path (unit 2); and (3) the temporal
variability in the 5-sec time regime was large, with dis-
cernable short time-duration spikes in NO concentra-
tions. The temporal variability in NO concentration is
more clearly seen in Figure 4b, which shows results on an
expanded time scale at the beginning of the morning rush
hour period. This temporal variability is attributed to
discrete emissions of vehicles traversing the path, coupled
with observed highly variable winds influenced by traffic-
induced turbulence. The degree of temporal correlation
between unit 1 and unit 2 evident in Figure 4b is typical
for the entire study.

The comparative utility of NO as a tracer for mobile
source emissions is demonstrated in Figure 5, which
shows the relative variation in NO, NO2, and NOx con-
centrations at 20 and 300 m from the roadway during a
typical weekday morning rush hour (Thursday, August 3)
with stable winds directionally from the road measured
with 20-sec time resolution. Figure 5a shows that the total
NOx signal at 20 m is dominated by NO, with a much
weaker NO2 signature. Simultaneously, at the 300-m site
(Figure 5B) NOx and NO concentrations are significantly
lower, with NO showing a more pronounced relative de-
crease. NO2 concentrations at the 300-m site are similar to
but slightly elevated compared with the NO2 measured at
the 20-m site, implying some atmospheric conversion of
NO over the plume transit distance. The variability in
NOx and NO signal at 20 m is similar to that portrayed in
Figure 4 and is caused by the close proximity of the
source. The NO2 signal at 20 m shows less temporal vari-
ability and likely reflects a composite of temporally stable
regional background, with a weak contribution from the
source. This figure suggests that NO2 measurements rep-
resent impacts from regional sources rather than impacts
from primary vehicle emissions for these conditions. This
analysis suggests that NO is a preferable mobile source
tracer compared with NO2 for measurement studies con-
ducted in close proximity to the roadway, particularly
during the important morning rush hour time periods
under crosswind conditions. An analysis of the relative
contribution of NO and NO2 to near-road NOx for periods
throughout the day is addressed in a subsequent section.

Figure 4. NO PAC at 5-sec time resolution: (a) during one day of
measurements on Friday, July 28, 2006; and (b) and expanded
version of same data at the beginning of rush hour on Friday, July 28,
2006.

Figure 5. Measurements of NOx, NO, and NO2 at (a) 20 m and (b)
300 m from the roadway during a typical weekday morning rush hour
with winds from the roadway.
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For studies investigating the initial dispersion of
pollutants near the roadway, effective capture of the
plume is important. Path-integrated measurements pro-
vide an advantage over point monitors in this regard
because their spatially extended sampling nature yields
a higher probability that codeployed instruments will
similarly intersect the evolving plume. Sufficient mea-
surement time-resolution is additionally important for
robust characterization of temporally variable sources
in turbulent transport environments such as that en-
countered near roadways. The parallel 149-m open-
path configuration of the DUV-DOAS systems operating
at 5-sec time resolution demonstrates both of these
advantages. This is evidenced by the generally good
point-by-point correlations of 5-sec NO PAC data from
the DUV-DOAS systems shown in Figure 6 for four
different days of observations: (a) Friday, July 28, (b)
Monday, August 7, (c) Saturday, July 29, and (d) Sun-
day, August 6, 2006. The selected dates represent dif-
ferent types of observed traffic and meteorological con-
ditions: heavy traffic during weekdays (Figure 6, a and
b), low traffic during weekends (Figure 6, c and d),
winds mainly from the road (Figure 6, a and c), and not
always from the road (Figure 6, b and d). Correlation
slope factors for individual days are dependent upon
mean daily wind directions, with values approaching a
minimum of 20–30% for days having a significant
number of time periods with winds predominately from
the road. Detailed in a later section, the percentage
difference in NO PAC between unit 1 (7 m) and unit 2
(17 m) depends on the wind direction, which is not
constant throughout the day. This variability in wind
direction partially accounts for the width of the corre-
lation bands around the regression lines in Figure 6.
The few observed outliers are ascribed primarily to traf-
fic on the secondary road, which can exhibit a dispro-
portionate impact to the NO concentrations measured
on a given side because of the optical path arrangement
that straddles the source (Figure 3). For Figures 4 and 6,

a temporal shift of 10 sec has been applied to unit 2 to
compensate for the average transit time of the plume,
which was around 1 m/sec for most observation peri-
ods. A 10-sec temporal shift produced the best overall
correlation in these daily datasets within the resolution
of the measurement at 5 sec per sample.

Time-Averaged NO Concentrations, Traffic
Counts, and Meteorology

Time-resolved observations reveal a wide range of vari-
ability in NO concentrations. To eliminate the effect of
short-time duration spikes to facilitate investigations of
wind and traffic influence, we computed time-averaged
NO concentrations, traffic, and meteorology. Figures 7
and 8 present examples of 10-min moving average data
from Thursday, August 3 and Wednesday, August 9, re-
spectively. Figures 7a and 8a summarize NO PAC data in
ppb (primary ordinate axis) and traffic data in counts per
20 sec (secondary ordinate axis), whereas Figures 7b and
8b present wind direction in degrees from true north
(primary ordinate axis) and horizontal wind speed in
m/sec (secondary ordinate axis). The shaded areas repre-
sent wind data graphs from 170 to 240° to aid in visual-
ization of wind directions generally from the highway
with significant projections onto the 206° normal vector.

Figure 7a shows that NO concentrations strongly
peak in the 6:00 to 8:00 a.m. morning rush hour time
frame. This is the typical observed NO concentration be-
havior for weekdays during this study. The peak in NO

Figure 6. Comparison of units 1 and 2 5-sec NO concentration
data for (a) Friday, July 28, (b) Monday, August 7, (c) Saturday, July
29, and (d) Sunday, August 6, 2006 (n � 5000).

Figure 7. Ten-minute running average observations on Thursday,
August 3, 2006: (a) NO PAC and traffic counts, and (b) wind speed
and direction.
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concentration in Figure 7a corresponds with a combina-
tion of high traffic volume and near-normal winds (bear-
ings around 206°) occurring during this time frame (Fig-
ure 7b). Note the rapid onset of high NO concentration
coincident with wind vector change at 5:40 a.m. The
concentration of NO is reduced around 9:00 a.m., coinci-
dent with lower traffic volume, and a change in wind
direction and the NO PAC remains relatively low for the
remainder of the day. Comparably lower NO concentra-
tions observed during the evening rush hour are typical
for all weekday data acquired during this study. Note that
wind speeds are relatively low, in the 1-m/sec range, with
a higher degree of variability in the afternoon.

As a contrast, Figure 8, a and b, shows data from
Wednesday, August 9 under wind conditions direction-
ally away from the road, consequently resulting in low
measured NO PAC values for the entire day. Note that
significant NO concentrations are observed even when
the 10-min average wind direction is outside of the
shaded region from 170 to 240° (i.e., when the wind is not
blowing directly from the source). During these time pe-
riods NO concentrations measured at the 300-m site were
in the 1-ppb range, far below those observed near the
road, indicating that regional sources are probably not
responsible for the observed concentrations. The ob-
served near-road concentrations are likely due to the ef-
fect of meandering of emissions from the roadway source,

caused in part by traffic-driven turbulence and are dis-
cussed further in a later section. The observation of sig-
nificant pollutant concentrations when winds are not
directionally from the road is important for near-road
studies because receptors can exist in unusually close
proximity (�100 m) to the source.

Diurnal Variability in NOx, Traffic, and
Meteorology

Crossday Average NO and NOx Concentrations. To help re-
late observed NO concentrations to traffic volume and
wind conditions, we analyzed these parameters as a func-
tion of hour of day for the entire study. Figure 9, a and b,
shows the variability of hourly average NO concentration
data for weekdays and weekend days, respectively. In
addition to the NO PAC data from the DUV-DOAS sys-
tems, NO concentration data from an API NOx analyzer
stationed 20 m from the travel lane near the unit 2 path
are also presented. As discussed previously, the character-
istic high NO concentrations during the weekday morn-
ing rush hour are evident in Figure 9a. It is noted that
only 1 of 9 weekdays failed to show evaluated morning
rush hour concentrations, Wednesday, August 9, with
winds strongly away from the road. The reduced NO
concentrations observed by the DUV-DOAS systems dur-
ing the afternoon and evening rush hour time periods are
confirmed by the API 200A readings. It is evident that
weekend NO levels were much lower than weekday values

Figure 8. Ten-minute running average observations on Wednes-
day, August 9, 2006: (a) NO PAC and traffic counts, and (b) wind
speed and direction.

Figure 9. Hourly NO concentrations from unit 1 and 2 DUV DOAS
compared with API 200A NOx analyzer: (a) for all weekday mea-
surements, and (b) for all weekend measurements.
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for this study. This is explained by a combination of lower
traffic volumes and variable winds, which were primarily
away from the road during the weekend observation
times (Tables 1 and 2). The error bars indicate �1 standard
deviation in the hourly results. The API readings compare
favorably with the proximate unit 2 results. The API in-
strument and unit 2 agree less well at low NO concentra-
tions, primarily because of a higher number of nondetects
for the API 200A, which are caused in part by the point
sampling nature of the API as compared with the extended-
path sampling offered by the DUV-DOAS. For this com-
parison, substituted values of 3.65 and 3.50 ppb were used
for nondetect readings for the API (below 7.3 ppb) and
unit 2 (below 0.7 R2 fit value),30 respectively. Figure 9
reflects a subset of available data when all instruments
were in operation simultaneously. The overall hourly av-
erage data completeness percentage for units 1 and 2 was
100 and 98.3%, respectively, whereas the API unit com-
pleteness percentage was 78.5% of 177 possible hourly
readings. The primary nonoperation cause for the API was

related to overheating (air conditioning issues) on ex-
treme temperature days (�95°F). The primary nonopera-
tion cause for the DUV-DOAS systems was loss in optical
alignment. The significantly greater operation time exhib-
ited by the DUV-DOAS systems is an indication of their
operational robustness.

It was shown previously in Figure 5 that NO accounts
for a large percentage of the NOx signal for the morning
rush hour time periods in this study. In a similar fashion
to Figure 9a, it is instructive to investigate the hourly
average NOx concentrations and relative contributions of
NO and NO2 for all weekdays of the study in conjunction
with average CO values. Figure 10 presents these data as
determined by the API chemiluminescent analyzer at the
20-m location, along with CO PAC data from an open-
path FTIR located at 16 m.

It is evident from Figure 10 that NO contributes the
majority of the NOx signal during the weekday morning
rush hour time periods and that the overall NOx signal is
lower in the afternoon. The NO2 signal remains relatively

Table 1. Hourly averages for 9 weekday measurements.

Hour Midpoint

Unit 1 Unit 2

Traffic (counts/20 sec) Wind Direction (degrees)NO PAC (ppb) SD (ppb) NO PAC (ppb) SD (ppb)

5:30 a.m. 65.3 26.6 38.7 19.8 138.7
6:30 a.m. 139.2 50.6 97.2 39.3 36.0 164.0
7:30 a.m. 149.8 53.0 108.6 41.8 52.5 176.2
8:30 a.m. 109.2 46.0 73.2 36.1 44.9 191.3
9:30 a.m. 78.9 35.6 49.0 26.7 34.3 187.3
10:30 a.m. 52.1 31.0 30.2 20.6 30.4 201.9
11:30 a.m. 42.2 23.0 23.6 14.7 33.8 279.3
12:30 p.m. 37.8 17.4 20.1 12.0 36.7 318.0
1:30 p.m. 36.3 13.0 18.4 7.2 36.6 332.9
2:30 p.m. 36.6 14.9 16.9 9.9 39.0 328.4
3:30 p.m. 41.5 18.4 16.9 11.2 42.7 344.8
4:30 p.m. 44.6 26.3 20.1 17.7 49.6 326.2
5:30 p.m. 39.3 22.2 16.7 14.3 48.2 323.3
6:30 p.m. 35.6 20.2 16.9 15.3 38.1 324.0
Average 64.9 28.5 39.0 20.5

Table 2. Hourly averages for 4 weekend day measurements.

Hour Midpoint

Unit 1 Unit 2

Traffic (counts/20 sec) Wind Direction (degrees)NO PAC (ppb) SD (ppb) NO PAC (ppb) SD (ppb)

6:30 a.m. 25.4 26.1 19.1 19.9 8.1 78.3
7:30 a.m. 24.3 24.3 18.1 19.8 9.9 52.3
8:30 a.m. 23.8 24.1 17.5 19.0 11.7 56.5
9:30 a.m. 21.8 13.2 14.0 10.2 15.6 34.6
10:30 a.m. 14.9 11.2 10.5 8.3 18.9 62.8
11:30 a.m. 13.4 10.6 9.5 7.9 19.4 96.6
12:30 p.m. 12.8 9.6 9.4 7.7 21.8 106.5
1:30 p.m. 11.5 8.2 9.2 7.8 21.4 104.8
2:30 p.m. 13.6 10.2 10.6 9.5 23.5 88.4
3:30 p.m. 12.6 9.9 10.0 9.2 26.5 87.1
4:30 p.m. 12.0 10.6 9.4 9.7 24.3 80.9
5:30 p.m. 12.5 9.5 9.9 9.8 23.2 87.2
6:30 p.m. 13.8 12.0 10.5 11.0 24.0 103.6
Average 16.4 13.8 12.1 11.5
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constant throughout the day, similar to background lev-
els. This indicates that it is unlikely that the lower after-
noon NO concentrations presented in Figure 9 are caused
by enhanced atmospheric conversion to NO2 in the after-
noon at the near-road observation points for this study.
The CO trace of Figure 10 shows a similar temporal profile
to NOx, with comparatively low evening rush hour con-
centrations implying a roughly similar emission profile.
Figures 9 and 10 suggest that other factors, such as
changes in wind direction and enhanced afternoon dis-
persion, likely account for the reduced evening rush hour
concentrations. It is noted that NOx concentrations for
weekend days are lower, similar to Figure 9b, with relative
contributions similar to Figure 10. Figure 10 includes all
native measurements produced by the API NOx analyzer,
which includes a significant number of readings below
the average minimum detection limit of 7.3 ppb, account-
ing for the slightly lower NO levels compared with Figure 9.

Crossday Average Wind and Traffic Data. Differences in
weekday morning and evening rush hour concentrations
are further explored in Figure 11, which presents distri-
butions of 10-min average wind directions from the sonic
anemometers at 5 and 20 m (Figure 11a) and mean and
standard deviations of traffic counts (Figure 11b) as a
function of hour of day for all weekdays during the study.
Figure 11b indicates weekday evening rush hour traffic
volumes were similar to morning rush periods, arguing
against reduced source levels as the cause for lower ob-
served afternoon NO concentrations. Figure 11a shows
winds during morning rush hours were generally from the
road (strong overlap with the 206° normal vector)
whereas afternoon winds were more variable and often
parallel or away from the road. This diurnal wind pattern
indicates that less effective wind transport is likely the
most significant factor in the observed differences be-
tween morning and afternoon rush hour measured NO
concentrations. The box symbols of Figure 11a represent
the 25–75th percentile range, whereas the vertical bars
indicate the 5–95th percentile range. Note that results
from 20 m at 8 m above the ground differ slightly from
the 5-m sonic readings, indicating possible influence from
traffic-driven turbulence. This effect is further discussed
in following sections.

Hourly average NO concentrations, traffic counts,
and wind direction from the 5-m sonic readings are sum-
marized in Tables 1 and 2 for all weekday and weekend
observations, respectively. It is noted that the overall
weekday hourly average NO concentration (64.9 ppb) is a
factor of 4 higher than the similar weekend value (16.4
ppb). Although reduced weekend NO concentrations are
expected because of lower traffic volume, this difference is
exaggerated, due in large part to weekend wind directions
being primarily away from the road during this study.

Correlation of NO PAC with Traffic and Wind
Transport

The degree to which near-road NO concentrations are
determined by traffic and effective wind transport is ex-
plored in Figure 12, which compares unit 1 NO PAC with
a composite variable of traffic intensity multiplied by a
time-weighted wind vector projection. The time-weighted
wind projection approximately accounts for the short
time-scale transport to the near-road measuring locations
by defining 5-sec wind direction averaging subperiods
within the 30-min observation period. All positive wind
vector projections onto the 206° normal vector for a given
30-min period are summed and the result is weighted by
the percentage of total possible positive projections (frac-
tion of 360). This approximates a wind transport function
for the 30-min observation period. Each data point in
Figure 12 represents an average of 30-min periods binned

Figure 11. Diurnal distributions of (a) wind direction and (b) traffic
counts (number of cars per 10-min intervals) for all weekdays. Box
symbols in panel (a) represent 25–75th percentile range, whereas
the vertical bars indicate 5–95th percentile range. Vertical bars in
panel (b) indicate 1 standard deviation range.

Figure 10. Hourly average concentrations of NOx, NO, and NO2

from the API NOx analyzer and CO concentrations from open-path
FTIR at the 20-m location for all weekdays.
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by NO PAC values in 10-ppb intervals. The evident corre-
lation between the measured concentrations and the
product of traffic and weighted wind projection indicates
a robust capture of the source by the open-path measure-
ment and points to future possibilities of emission char-
acterization utilizing the parallel experimental configura-
tion.

Effects of Near-Road Turbulence
A time-weighted projection is utilized in Figure 12,
because as discussed in Figures 7 and 8, significant NO
PACs were measured close to the roadway even when
time-averaged wind directions were away from the road.
This is a consequence of the high degree of variability in
wind direction due in part to traffic-driven turbulence
affecting the near-road observing locations. This is a po-
tentially significant effect when considering the impact of
mobile source-generated pollution to near-road popula-
tions that can exist in close proximity to the source. This
effect is examined here in a preliminary fashion by con-
sidering the disorganized transport by complex flows next
to the source to be upwind meandering.32 To understand
the relative impact of meandering, it is useful to examine
the mean and turbulent velocities, wind speed, and direc-
tion as measured at the 5- and 20-m sites. The distribu-
tions of vertical and horizontal turbulent intensities (�v/U
and �w/U, respectively) are shown in Figure 13 as a func-
tion of hour of day for all days of observation. The diurnal
behavior of vertical and horizontal turbulent intensities
was similar to that of the wind speed, with the lower
values occurring during the morning and the higher val-
ues occurring during the afternoon.

The vertical turbulent intensity varied from 0.1 to 1
during the course of the day, with large values exceeding
1.5 occurring between 12:00 and 5:00 p.m. The majority
of the horizontal turbulent intensities were between 0.2
and 0.6. The meteorological observations indicated that
turbulence near the road was significant, therefore, both
direct transport by the mean wind and turbulent diffu-
sion likely impacted pollutant concentrations and disper-
sion near the road.

NO PAC Reduction with Distance
The plume capture advantage offered by extended-path
sampling facilitates investigations of parameters affecting
the initial dispersion of the near-road emissions. For ex-
ample, in this study, the reduction of NO concentrations
from the 7- to 17-m observing locations can be estimated
as a function of wind angle. Figure 14 shows the percent-
age reduction of NO PAC as a function of deviation of
wind direction from the 206° normal vector. These data
represent a grouped average of mean wind directions
from 5:00 a.m. to 7:00 p.m. at half-hour time intervals

Figure 12. NO PAC measured by unit 1 (7 m from road edge) vs.
time-weighted wind vector normal projection multiplied by total
vehicle counts over a 30-min period.

Figure 13. Variation in (a) wind speed, (b) horizontal, and (c)
vertical turbulent intensities at 5 and 20 m from the road as a function
of time of day.

Figure 14. Unit 2 (17 m) NO PAC percentage reduction compared
with unit 1 PAC (7 m) vs. wind direction deviation from normal.
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binned in 10° increments. It is evident that the reduction
in NO PAC between the 7- and 17-m locations increased
when wind direction deviation from the normal direction
increased. The regression intercept of Figure 14 indicates
an approximate 25% reduction in NO PAC between the 7-
and 17-m locations when winds were directly from the
roadway. This agrees favorably with values from
Fraigneau et al.33 and Sahlodin et al.34 on modeled con-
centration reductions of NO and CO, respectively; and
additionally to measured CO reductions by Zhu et al.,35

with the latter two based on the same study possessing a
similar configuration to this study, having measurement
points 4 and 17 m from road edge.

Because of the lack of comparable data with similar
wind directions at different times of day, it was not pos-
sible to evaluate the effect of additional potential loss
mechanisms such as increasing mixing height and ozone
titration loss, which generally increase from morning
through afternoon. Because of the quality of the correla-
tions evident in Figure 12 (R2 � 0.84), it can be argued
that the aforementioned additional loss mechanisms
have little effect on the time and spatial scales present in
this study.

SUMMARY
The quantity, dispersion, and impact of motor vehicle
emissions on near-roadway populations is an area of in-
creasing importance. Because of its mobile source emis-
sion profile and low background concentration, NO is a
useful tracer compound for investigating the initial dis-
persion parameters of roadway emissions. NO has clear
source discrimination advantages compared with NO2 for
studies in close proximity to the road, especially for the
important morning rush hour periods under crosswind
conditions. This work demonstrated the use of DUV-
DOAS systems deployed parallel to the road for robust
capture and measurement of NO emissions. The path-
integrated measurement approach coupled with three-
dimensional wind measurements and traffic-monitoring
data were shown to provide useful information on the
parameters affecting near-road pollutant concentrations
and on the initial stages of near-road dispersion. Near-
road NO concentrations were shown to correlate with
wind direction and traffic intensity. Significant NO con-
centrations were observed with winds away from the
roadway and were ascribed to turbulent diffusion/mean-
dering. The dilution of NO as a function of wind direction
was also discussed. Future work will utilize this dataset to
further parameterize emission and dispersion from this
study.
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27. Schäfer, K.; Carsten, J.; Strum, P.; Lechner, B.; Bacher, M. Aircraft
Emission: Measurement by Remote Sensing Methodologies at Air-
ports; Atmos. Environ. 2003, 37, 5261-5271.

28. Pundt, I.; Mettendorf, K.-U.; Laepple, T.; Knab, V.; Xie, P.; Lösch, J.;
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